Abstract: Physical properties of solid materials can be strongly modified by pressure treatment at elevated temperatures. This study focuses on the compaction-induced behavior of powdered amorphous solids using Li 2 Si 3 O 7 -glass as an example. Experiments were carried out on distinct fractions with particle sizes from <25 μm to 224-250 μm. Measurements of electrical conductivity using impedance spectroscopy were carried out in situ at pressures up to 930 MPa and at temperatures from 373 K to 667 K. Simultaneous monitoring of volume changes allows correlating conductivity and porosity of samples. To study the effect of adsorbed water on surfaces, the material was pretreated by flushing with waterbearing nitrogen before the experiment. Continuous increase of electrical conductivity upon pressurization was observed for all particle size fractions both in the brittle and in the plastic deformation regimes. The pressure derivative of DC conductivity strongly increases with grain size at low T (373 K). At high T (608-665 K) the effect is less pronounced due to the onset of welding of particles forming continuous pathways for charge transport without grain boundaries as barriers. Welding of particles occurs already at temperatures significantly below the glass transition temperature, induced by strong local forces at grain-grain contacts. No effect by pretreatment of glass powder with water vapor was observed at low temperature, while at high temperature surface modification by adsorbed water resulted in enhancement of electrical conductivity, probably caused by lowering of viscosity at grain surfaces, which facilitates welding of particles.
Introduction
Solid electrolytes play an important role in the development of new types of batteries, i.e. when long term stability is required. A clear advantage compared to liquid electrolytes is that leakage is not a problem. The limitations in application of solid electrolytes arise from the electrical conductivity of the materials, which means that only fast ion conductors with low electronic conductivity are potential candidates for such electrolytes. Another important issue is the charge transfer through interfaces, which may considerably reduce the performance of the cell. Conductivity of electrolytes can be drastically lowered when powders are used since interfaces act as resistors. But problems in charge transfer may occur also at the interface between electrolyte and electrodes.
Knowledge of ionic transport processes at solid electrolyte interfaces is essential for the development of new electrochemical cells and battery management systems. These properties may considerably change during compaction. For instance, surface structures of particles may change and contacts between particles are modified. As a consequence jumps of ions from one grain to an adjacent one are facilitated upon pressurization. Furthermore, the overall porosity of the materials is reduced. Pores are typically strong resistors for charge transports.
Compaction has been intensively studied in particular on ceramic materials since the industrial production of ceramics is an energy expensive process [1, 2] . For optimization of the manufacturing process as well as for the production of ceramic materials with specific properties, it has to be known how parameters like temperature, particle size, applied pressure and sintering atmosphere influence the final product [3] . In solid-state sintering, shaped green bodies are often heated at ambient pressure to temperatures up to 0.5-0.9 of the melting point. Major drawbacks of such treatment are that the required high temperatures and long sintering durations can induce unwanted crystal growth. Additionally, high densities of materials are often difficult to achieve. With pressure sintering (hot-pressing), where temperature and pressure are applied simultaneously, the drawbacks can be partially circumvented. Pressurization at sintering temperatures accelerates the kinetics of densification by increasing the contact stress between particles and rearranging particles to improve packing. In addition to reduction of time and temperature needed to get compact solids, a further advantage is that very high densities can be reached as porosity is minimized [4] [5] [6] .
Sintering under pressure is also an interesting option for glassy materials. Glasses often have much higher electrical conductivity compared to their crystalline counterparts [e.g. [7] [8] [9] [10] , due to the less dense structure and to higher number of potential interstitial sites, able to temporarily host diffusing cations. Intermediate mobilities of cations compared to glasses and crystals can be achieved using high speed milling of crystalline material, as shown for lithium aluminosilicate [7] and lithium meta-and tetraborate [8, 9] . Using hot-pressing techniques, transparent products with complex shapes may be obtained from glass powder at low temperatures near the glass transition, i.e. significantly below the melting temperature of the glass [11] . Such low temperature compaction and sintering offer interesting possibilities to produce electrolytes with specific shape as well as to optimize contacts between electrolytes and electrodes.
In situ measurements of electrical conductivity of powdered materials as a function of pressure and temperature can lead to insights into the mechanisms of compaction and the sintering of powders. Electrical conductivity in a sample of powdered materials depends highly on the compaction pressure as shown in studies on carbonaceous powders, carbon-metal composites and silicon particles [12] [13] [14] [15] . Kuhn et al. [7, 8] reported that in pressed pellets of powdered crystalline ion-conductors the conductivity increases with decreasing particle size, while the opposite was observed for the glassy counterparts. Furthermore, it has been observed in various studies, that hydrostatic pressure causes a decrease while increasing temperature causes an increase in DC ionic conductivity [16] [17] [18] . This effect has been attributed to elastic or plastic deformation of the glass structure [19, 20] . Recently, it was shown that plastically deformation and sintering may occur already below the glass transition temperature at high pressures [21] .
In our previous study we have presented a new experimental apparatus which allows monitoring electrical properties of powdered materials during compaction in function of temperature and pressure [21] . First results on lithium silicate glasses illustrate the potential of the method. This paper is a continuation of this research using a wide range of well characterized grain size fractions to elaborate the effects of pressure, temperature and particle size on the behavior of glass powder during compaction. Surface properties of the materials may also have an important influence on the compaction behavior. Here, interaction of glass with water in the atmosphere is of particular interest. To address this possible effect, glass powder was flushed with nitrogen which was pre-saturated with water at different temperatures. The total DC-conductivity derived from impedance spectrometry is used as a tool to monitor changes of the material during sintering and deformation. In a forthcoming paper, the impedance response will be interpreted in more detail to distinguish contributions of different constituents of the material (bulk, surfaces, interfaces, pores) and to gain information on their individual mechanisms of ionic transport.
Experimental

Sample preparation
A Li 2 Si 3 O 7 -glass synthesized by melt quenching was used for the experiments. Properties of this glass are well documented in various publications [22] [23] [24] [25] [26] [27] [28] [29] . A mixture of lithium carbonate and silicon oxide was heated at 1600 °C in a platinum crucible for 2 h and quenched on a brass plate. To improve homogeneity, the material was repeatedly crushed with a steel mortar, melted and quenched. To adjust a defined structural state, the glass was kept at the glass transition temperature T g (730 K, determined by differential thermal analyses) for 10 min. and cooled to room temperature at a rate of 5 K/min. The glass was crushed with a steel mortar and wet sieved using ethanol to remove agglomerations of fine particles <10 μm from the surfaces of coarser particles. The material was separated in particle fractions by using mesh sizes in ~25 μm steps ranging from 224-250 μm down to <25 μm.
Experimental method
Compaction experiments were conducted using the setup described in [21] . The sample assembly consists of a ceramic ring surrounded by a steel sleeve, placed on an Inconel 718 piston. After inserting first a steel foil and then a gold foil, acting as lower electrodes, about 80 mg of glass powder were loaded and slightly compacted with a piston. The sample compartment is completed by another gold and steel foil acting as upper electrode. For easier removal of the compacted sample and to minimize breakup, the ceramic ring surrounding the glass powder was covered with a thin layer of electrically isolating hexagonal boron nitride (Henze HeBoCoat 80) and heated up to 873 K for 30 min to remove organic contaminations. To exclude contributions of the coating to the conductivity measurements, experiments with and without boron nitride were compared. No measurable difference was found. To exclude contributions in conductivity due to adsorbed water on the Al 2 O 3 -ceramic [30, 31] , a minimum temperature of 373 K was used for the experiments.
During the first experiments at 373 K, the material showed brittle compaction behavior. Additional experiments were conducted close to the glass transition (665 K; 70 K below T g ) where the material was plastically deformed and at an intermediate temperature (608 K) where the sample showed both, brittle and plastic behavior. The samples were stepwise compacted up to ~930 MPa. Impedance spectra were recorded after upward and downward pressure steps.
Uncertainty of pressure determination was estimated to be < ± 5% below 100 MPa and < ± 2% above 100 MPa. Temperature at the sample position was determined with an uncertainty of ±3 K.
Sample pretreatment
To study effects of adsorbed water on particle surfaces, the sample was treated in water enriched atmosphere at water partial pressures up to 470 mbar prior to the compaction procedure. For doing so, preheated nitrogen gas was routed at 150 mL/ min (measured at the end of the setup) via Teflon tubes through an impinger with hot water on a heating pad before it was fed into the gas inlet of the cell. A heating cable was wrapped around the Teflon tubes and thermally shielded with alumina foil to avoid condensation of water. The temperature of the heating cable was manually adjusted to 353-363 K using a rotary transformer. The temperature (T) and relative humidity (rH) of the flowing gas was measured with a Sensirion SHT75 sensor placed in the tubing in front of the oven containing the sample. T and rH were recorded during the pretreatment using the Sensirion EK-H5 evaluation-kit connected to the sensor and the EK-H5 evaluation-software (V. 2.71).
The setup was adjusted to provide a water partial pressure between 100 and 500 mbar H 2 O. During the pretreatment the upper piston was kept in a position approximately 10 mm above the ceramic container ring. In this case, the metal electrode foils were attached to the upper piston by applying a small amount of super-glue. After 2 h of flushing the upper piston was lowered on the sample, and the cell was heated to the desired temperature.
Analytical techniques
Inductively coupled plasma optical emission spectrometry (ICP-OES, 3 measurements) and electron microprobe analysis (EMPA, 20 measurements) was used to verify the composition and homogeneity of the glass. Oxide contents are 23.53 (0.24) mol% Li 2 O based on ICP-OES, 76.49 (0.20) mol% SiO 2 based on EMPA. Numbers in parentheses represent one standard deviation. Details of analyses are described by Bauer et al. [22] .
For analysis of particle size and changes in morphology of the compacted sample, secondary electron images were recorded with a Jeol JSM-6390A scanning electron microscope (SEM). For the analysis of particle size distribution, ellipses were fitted to the particles in the SEM pictures with the software imageJ (Version 1.49i) [32] . The starting material and compacted samples with sufficient mechanical stability were analyzed for traces of crystallization with a Philips PW 1800 X-ray diffractometer in the range of 5-80° in steps of 0.02° with an acquisition time of 10 s/step.
Sample conductivity was measured using a Novocontrol Alpha AKB impedance analyzer with a ZG4 interface in two-wire configuration in the frequency range of 2 MHz down to 500 mHz. A voltage of 3 V was set for the measurements. Prior to the first recorded conductivity spectrum, linear voltage response of the sample was checked and confirmed by comparing impedance, conductivity and modulus spectra at voltages from 2 mV to 3 V at constant p and T. Conductivity spectra were recorded approximately 2 min after reaching the target pressure within approximately 3 min. Changes in sample volume were monitored using two linear variable differential transducers (LVDTs, HBM WI/10mm-T) connected to the tips of the pistons [see 21 for details]. The measured sample thickness was corrected for thermal expansion and pressure induced shortening of the pistons by data obtained from calibration measurements without a sample. Calibration measurements were performed at temperatures up to 923 K and pressures up to 930 MPa.
Results and discussion
Characterization of starting materials
Particles in the crushed glasses typically feature varying polyhedral shapes, from needle/plate-like to nearly elliptical ( Figure 1 ). After wet sieving, particle fractions The green ellipse illustrates the method of particle size determination resp. the determination of the major and minor axis of the particles.
>25 μm show no contaminations from smaller (<10 μm) particles, in contrast to our previous publication in which we used dry sieving [21] . To get an estimate of the distribution of particle sizes and shapes of the analyzed particle fractions (based on mesh sizes of the sieves used for separation), ellipses were fitted by hand on SEM-pictures of the starting material. Dimensions of the ellipses were adjusted to encompass the maximum particle area with the least amount of void area. The diameter at the most narrow part of the ellipse was labeled "minor axis" and the diameter at the most elongated part was labeled "major axis". AR is the aspect ratio of the major vs. the minor axis (AR = major axis/minor axis). Table 1 shows the geometrical data for the different mesh size fractions. Due to an asymmetrical distribution of particle dimensions, standard deviations are larger than the median particle diameter in some cases.
Details of the particle statistics are plotted as a box-and-whisker plot in Figure 2 . For particle fractions >125 μm, the median length of the minor axis is larger than the mesh size of the coarser sieve. The reason is a large fraction of fragments with platy shape which still fit to the diagonal opening of the meshes. Maximum values of the minor axis correspond to individual grains with a shape which is poorly represented by an ellipse, e.g. a banana-like shape. AR increases with decreasing particle fraction, indicating a higher number of elongated/ needle-like particles.
Morphology of compacted samples
The change in sample morphology upon high pressure -high temperature treatment is illustrated for the grain size fraction 25-50 μm in Figure 3 . Cross sections Major/minor axes correspond to the axes of the fitted ellipses. AR is the aspect ratio of the major vs. the minor axis. Numbers in brackets represent one standard deviation of the data.
of the compacted samples parallel to the direction of applied pressure allow a more detailed study of the welding processes compared to the top view presented in [21] . After compaction at 373 K (Figure 3b ), the interstitial volumes between the particles are either filled with finely ground material (red circles) or closed by re-arrangement of particles. After the experiment at 608 K (Figure 3c ) borders of some particles are welded and form a web-like structure. In between the welded particles there are both empty pores (blue circles) and pores filled with fine/loose particles (orange circle). After compaction at 663 K ( Figure 3d ) the particles are almost completely welded. The morphology of the original particles is not visible anymore. There are some empty and filled pores still visible. Observations for other grain size fractions are similar except for larger homogeneous regions in fractions with large grain size.
Welding occurs preferentially at grain contacts perpendicular to the pressure axis, i.e. continuous glassy pathways are formed in vertical direction. Due to the arrangement of the particles, higher forces occur locally on the contact zones at the particle edges compared to the mean force over the whole pellet area. These higher forces lead to plastic deformation of edges and subsequently welding at the particle interfaces, if a re-orientation of the particle is not possible. Nonwelded areas between particles form vertically elongated pores.
The number of remaining pores is generally higher in finer particle fraction than in larger particle fractions (Figure 4 ). Pore diameters in the finer particle fractions range from ~30 μm down to <10 μm. In the coarser fraction pores with diameters >50 μm are more prominent. The distribution of pores over the whole sample volume is more homogeneous in the fine particle fraction. The top view of the compacted material presented in the previous study [21] shows only a small number of remaining pores, and thus, does not represent the sample interior. This is likely due to lateral flow of the material and closing of the pore spaces at the contact to the piston.
Evolution of sample thickness with compaction
The compaction behavior of powdered materials is usually evaluated by examining the change of sample dimensions (or sample density) as a logarithmic function of applied pressure [33, 34] . Different regions of linear response can be distinguished. The low pressure region is commonly interpreted as primarily dominated by particle re-arrangement while particle deformation and fracturing occur in the high pressure range [34, 35] . A sharp change in inclination is observed between both regions and is commonly referred to as breakpoint pressure (bpp) [1] . The bpp has been observed to shift to higher pressures with increasing particle hardness [34, 35] .
As shown in Figure 5 the breakpoint pressure is at ~20 MPa for the particle fraction 50-75 μm at 373 K. Other particle fractions yield similar trends, i.e. bpp does not vary significantly with grain size at least up to 125 μm. The slope in the high pressure regime is also similar for all grain size fraction ((dl/l bpp )/d log (p/ MPa) = 0.22 ± 0.02, where l is the sample thickness and l bpp is the sample thickness at bpp). During pressure release the sample thickness slightly increases. An increase in sample volume during unloading is typical for the elastic (cold) compaction of powders, similar effects have been described previously e.g. during the compaction of tungsten carbide powders or aluminum silicate powders [1, 36] . This effect can be explained by relaxation of the elastically deformed particles and associated widening of gaps between particles. The increase in thickness with logarithm of pressure is also roughly linear to the logarithm of pressure, but is about one order of magnitude smaller than during compaction in regime 2 ((dl/l ref )/d log (p/MPa) = 0.02 ± 0.01, here l ref refers to the sample height before pressure release).
Evolution of conductivity with compaction
A common way to get insights to ion dynamics of a material is to evaluate its electrical conductivity. The measured electrical conductivity is usually represented as a complex variable with a real and an imaginary part. The real part of conductivity is related to the energy dissipated in the medium and can yield information on ionic mobility while the imaginary part is related to stored energy and can be a measure of the electric capacity of the sample.
In Figure 6 the frequency dependence of the real part of conductivity is illustrated for different compaction steps at 373 K, 608 K and 665 K for the particle fraction 25-50 μm. The electrical conductivity (σ) was calculated by dividing the measured admittance, assuming a parallel circuit of resistor and capacitor, with the cell constant (electrode area/sample thickness). The direct current conductivity (σ DC ) was determined as the conductivity for the frequency where the phase angle between the maxima of current and voltage approaches zero degree. These data are marked in red in Figure 6 . The plots show the typical behavior of ionic conductors as described by the universal dielectric response theory [37] . At 373 K a frequency dependent regime (σ f ) is visible at high frequencies. It is related to rapid local hopping of ions and rearrangements of polarized parts of the network. Towards low frequency the conductivity becomes frequency independent and is equivalent to σ DC which is determined by long range ionic motion.
The transition between the σ DC -and σ f -region (marked by the dotted line in Figure 6a ) at 373 K is at 50-80 Hz, independent on pressure and on the degree of compaction. There is also no apparent correlation of the transition frequency with the particle size. Small differences are probably related to the temperature distribution in the assembly, since temperature has a very large influence on the transition between the regime with constant conductivity and the dispersive regime [38, 39] . As temperature increases, the regions move to higher frequencies (Figure 6b,c) . At 608 K and 663 K the dispersive regime is shifted outside the measurement range. Instead, another frequency dependent regime below 100 Hz is visible (σ EP ). It is related to charge separation at the sample surface due to polarization at the electrodes.
In all cases the electrical conductivity increases with ongoing compaction. This can be explained by a diminishing effect of pores as resistors for the overall conductivity. Additionally, contacts between grains transform from punctual to two-dimensional upon compaction, facilitating charge transfer from one grain to another. Even after pressurization to ~910 MPa the conductivity of the sample is much lower than that of a single glass plate with a corresponding thickness, i.e. by a factor 24 at 373 K, a factor of 3 at 608 K and a factor of 2 at 667 K, using conductivity data from Bauer et al. [22] for glasses with same composition. These findings clearly demonstrate that conductivity barriers cannot be completely removed by such pressure/temperature treatment.
In order to analyze the compaction effect in the brittle regime, master curves were generated for different grain size fractions as described in [38] (see Figure 7) . In doing so, the conductivity curves are shifted along the dotted lines so that σ DC superimposes. Such a plot is commonly used to investigate the temperature dependence of ionic conductivity and often demonstrates that the same charge transport mechanism is rate-controlling over a large temperature range [38, 39] . Additionally, master plots have also been used to study the effect of compositions on conductivity [40] [41] [42] . Here we use this kind of plot to compare the pressure effect in the regime of DC conductivity to the dispersive regime for different grain size fractions.
It is evident that the conductivity plots cannot be described by a single master curve. This is an indication for pressure dependent changes of the transport mechanism(s) during compaction.
From these plots it is obvious that σ DC increases more strongly upon pressurization than σ f . This is also visible in the decrease of the slope of tangents fitted to the dispersive curve with ongoing pressurization, as illustrated by dashed lines for the lowest and the highest pressure. Additionally, the slope of the dispersive regime decreases from 0.53 to 0.32 at ~65-68 MPa resp. 0.35 to 0.15 at 910-911 MPa with increasing particle size. Thus, the dispersive region is particularly pronounced at low pressure and at low grain size. This implies that the number of interfaces per volume of sample is a crucial factor for the conductivity in particular for long range charge transfer. At the beginning of the compaction process the relatively high ionic mobility in the bulk is restricted by the low mobility across the particle interfaces. The particle interfaces act as a choke-point for the long range ionic motion, thus lowering the total DC-conductivity at low frequencies. Conductivity master-curves for the compaction experiment of particle fraction 25-50 μm (a), 75-100 μm (b) and 125-150 μm (c) at 373 K. Dashed lines represent the slope in linear parts of the conductivity curves in the dispersive regime at ~65 MPa (red, inclination "m") and ~910 MPa (black and blue). f h denotes the hopping frequency of the charge carriers as described by Funke and Jain [38, 39] and represents the frequency at which the measured conductivity is twice the value of σ DC .
During compaction, the low frequency plateau increases in conductivity due to an increase in transfer rates from particle to particle as the gaps between particles are mechanically closed. On the other hand, the dispersive range is determined by local hopping of ions, Maxwell-Wagner effects and particle boundary effects. During compaction, ionic mobility within the grains is expected remaining constant or decreasing slightly due to elastic compression of the glass structure. The fraction of ions at grain surfaces to that in the grain interiors is small and, hence, σ f is already large at low pressure and its increase with pressure is much smaller than that of σ DC .
Effect of pressure and temperature on conductance
In some of the experiments precise determination of the sample thickness (and thus calculation of the conductivity) was not possible. In this case the measured conductance G multiplied with the weight of the sample (G · m) was used to monitor changes in the conduction behavior of the sample. As the thickness of the sample changes during the compaction process, the change in G · m is more pronounced than the change in σ. Nevertheless, the parameter G · m is representing very well relative changes in DC conductivity. During compaction the increase in density was typically within a factor of two while the increase in σ DC was found to be about an order of magnitude for experiments in which both sample thickness and conductivity could be measured accurately. During pressure release, the change in thickness was only minor (<< 10%).
A plot of G · m vs. pressure is shown for the particle fraction 125-150 μm at 373 K (Figure 8a ) and at 665 K (Figure 8b) . At low temperatures, the conductivity increases rapidly in the range 0-450 MPa (from 0.3 · 10 −8 S · g to 1.5 · 10 −8 S · g). This can be explained by an increasing interfacial area through attrition of the particles (see Figure 3) , which increases the possibility for ions to migrate from particle to particle. At higher pressures, the increase in G · m becomes smaller (increase from 1.5 · 10 −8 to 2.2 · 10 −8 S · g in the range 450-900 MPa). In this regime the gap between the particle surfaces is closed due to elastic deformation. The slope of the curve at high pressure indicates that pressures of 900 MPa are not sufficient to close the barriers between the grains and much higher pressures are needed to reach a behavior similar to homogeneous glass body. During pressure release at 373 K, G · m remains constant down to ~450 MPa. Further decompression leads to a strong decrease in conductivity. This is most likely due to re-opening and widening of fissures between the particles.
At 665 K plastic deformation of the particle interfaces leads to welding of the particles and thus to a decrease in barriers for ionic migration. G · m increases Figures 3 and 4) .
Effect of particle size on conductivity evolution
Similar trends during compaction as shown in Figure 8 were observed for other grain size fractions ( Figure 9) . The dependence of G · m on particle fraction is particularly pronounced at 373 K. For instance at 640 MPa conductivity is by a factor of four higher for the fraction 224-250 μm compared to the fraction <25 μm, which can be simply explained by the increasing number of interfaces with decreasing particle size. The larger pressure derivatives of the coarser grain fraction are probably due to attrition caused by strong local forces at the particle contacts, leading to improved interfaces between the particles.
However, contrary to this general trend no significant difference in conductivity behavior was observed for the fractions 50-75 μm and 75-100 μm as well as for the fractions <25 μm and 25-50 μm. The precision of data based on repeated experiments is better than ± 10% (Figure 9b) . Thus, the coincidence of the data sets does not reflect experimental uncertainty. Possible explanations are overlap of grain size distributions and variation of particle shapes between different grain size fractions.
It should be noted that G · m does not depend on the amount of sample material used in the experiment since the resistance is proportional to sample mass at constant sample area. This finding is in contrast to results obtained by Dubois et al. [15] during the compaction of silicon powder. They observed a decrease of normalized conductivity with increasing sample mass and explained this phenomenon by inhomogeneous pressure distribution in the sample. According to the authors, this effect is particularly pronounced at high ratios of sample height to sample diameter (>> 1). In our experiments this ratio was close to 0.1.
Due to the welding effects the grain size is less important on conductivity at high temperatures than at low temperatures. For instance, at 640 MPa G · m is only higher by a factor of 1.3 for the fraction 224-250 μm compared to the fraction <25 μm. While different pressurization regimes can be still distinguished at 608 K (Figure 9c) , i.e. a larger increase of conductivity upon compaction at pressures below 450 MPa compared to the high pressure regime, at 667 K (Figure 9d ) all grain size fraction show an almost linear increase of conductivity with pressure in the whole pressure range. Figure 10a compares the results of experiments with dry glass powder and with glass powder which was flushed with a water-bearing nitrogen stream before closing the sample chamber. The data indicate that treatment of glass surfaces with a water pressure of 135 mbar at 373 K for 2 h does not have an effect on the compaction. Even less effect is expected for larger grain size fraction at this temperature due to the decreasing particle interface area. Thus, in the brittle deformation range adsorbed water on the particle surfaces appears to be not important for compaction and charge transport in lithium silicate glasses. However, another explanation could be that the amount of adsorbed water was too small at this water pressure.
Effect of sample pretreatment on the evolution of conductance
On the other hand, at higher temperature in the plastic deformation regime a noticeable enhancement of conductivity by pretreatment in hydrous atmosphere was found, i.e. by 10-20% at 400 MPa compaction pressure at 665 K (Figure 10b ). Hydrous samples were pretreated at 473 K with 200 mbar H 2 O and 470 mbar H 2 O, respectively. We attribute this observation to an enhancement of plastic deformation of the samples. Adsorbed water diffuses into the glass and reduces the viscosity in the near-surface area of the particles [43, 44] . Thus, welding temperatures are lowered and intergranular transport barriers are removed.
Conclusions
The pressure dependence of electrical conductivity of powdered Li 2 Si 3 O 7 -glass was studied in situ on a series of particle fractions at pressures up to 930 MPa and temperatures up to 665 K. At low temperatures where the sample shows only brittle and elastic properties, conductivity depends strongly on the size of the particles. Particle boundaries act as barriers for ionic movement and thus conductivity increases with increasing grain size. With increasing temperatures, as the material transfers to plastic behavior and particle welding occurs, the influence of particle size on conductivity gets smaller. Welding of particles effectively removes particle boundaries and thus leads to an increase of conductivity. Plastic deformation and particle welding during compaction up at 930 MPa has been observed at temperatures more than 120 K below the glass transition temperature, which is attributed to large forces at particle contacts. Experiments on powders that were pretreated with water-bearing gas reveal an enhancement of conductivity only at high temperature. Most likely under these conditions pretreatment with water improves the rheological properties of glass particles, i.e. facilitating welding by decreasing viscosity due to dissolved water.
A more in-depth analysis of conductivity-and dielectric spectra has been carried out to gain more insight in the mechanisms of lithium transport during compaction. Results will be presented in a forthcoming paper. cut our electrodes and J.-C. Buhl for support in using the SEM. Furthermore we would like to thank K.Volgmann for fruitful discussions and Julian Feige for help in preparation of sample containers.
